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Mammalian development begins with fertilization of an 
oocyte by the sperm followed by genome-wide epigenetic 
reprogramming. This involves de novo establishment of 
chromatin domains, including the formation of peri- 
centric heterochromatin. We dissected the spatiotempo- 
ral kinetics of the first acquisition of heterochromatic 
signatures of pericentromeric chromatin and found that 
the heterochromatic marks follow a temporal order that 
depends on a specific nuclear localization. We addressed 
whether nuclear localization of pericentric chromatin is 
required for silencing by tethering it to the nuclear pe- 
riphery and show that this results in defective silencing 
and impaired development. Our results indicate that 
reprogramming of pericentromeric heterochromatin is 
functionally linked to its nuclear localization. 
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In mammals, fertilization of an oocyte by the sperm is 
followed by epigenetic reprogramming, which involves 
de novo acquisition of chromatin signatures in the two 
parental genomes, but the molecular determinants un- 
derlying such reprogramming are not fully understood. In 
particular, the formation of heterochromatin de novo is 
thought to be essential to ensure the subsequent organi- 
zation of the embryonic epigenome and embryonic de- 
velopment (Probst and Almouzni 2011; Fadloun et al. 
2013; Nestorov et al. 2013). 

In the zygote, remodeling of the paternal chromatin is 
particularly extensive, since it is subject to a nearly 
genome-wide replacement of protamines by maternally 
supplied histones. A few hours after fertilization, the peri- 
centromeric chromatin must acquire a highly compact 
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chromatin organization for the first time to allow sub- 
sequent kinetochore loading and progression through the 
first mitosis. The pericentromere domain is formed by 
tandem repeats of major and minor satellite repeats, 
which constitute the pericentric and centric chromatin, 
respectively. In the embryo, the initial silencing of 
pericentromeric chromatin requires the Lys27 of the 
histone variant H3.3 and is accompanied by progressive 
acquisition of H3K27 methylation and tethering of HPip 
in a mechanism that involves a burst of transcription 
from the major satellite (MajSat) repeats in the zygote, in 
analogy to heterochromatin formation in Schizosaccharo- 
myces pombe (Grewal and Elgin 2007; Puschendorf et al. 
2008; Probst et al. 2010; Santenard et al. 2010). This 
heterochromatinization in mammals, however, seems to 
be ''atypical,'' since it is independent of H3K9me3 and 
H4K20me3, which are absent from the paternal chroma- 
tin ( Arney et al. 2002; Kourmouli et al. 2004; Santos et al. 
2005). In agreement, the expression of an H3.3K27R mutant 
disturbs heterochromatin silencing at the pericentromeres, 
while expression of an H3.3K9R mutant has no discern- 
ible effect in development (Santenard et al. 2010). 

Pericentromeric heterochromatin is typically visual- 
ized as DAPI-rich regions in mouse somatic cells in 
interphase, which are referred to as chromocenters. These 
form upon clustering of pericentromeric domains from 
several chromosomes. In the embryo, however, the peri- 
centromeric chromatin does not form chromocenters 
until the late two-cell/early four-cell stage transition 
(Martin et al. 2006a; Probst et al. 2007; Aguirre-Lavin 
et al. 2012). Instead, the mammalian embryo displays a 
distinctive nuclear organization with a radial arrange- 
ment of the chromosome territories with centromeres 
attached to the nucleoli precursors. The pericentromeric 
chromatin envelops these precursors, which are referred 
to as nucleolar-like bodies (NLBs), forming a characteris- 
tic ring-like structure. 

It is increasingly clear that nuclear organization pro- 
vides a landmark for gene regulation (Akhtar and Gasser 
2007; Kumaran et al. 2008). Although a number of studies 
have documented changes in the nuclear localization of 
pericentromeric chromatin after fertilization that corre- 
late with reprogramming efficiency upon somatic cell 
nuclear transfer (Martin et al. 2006b), a functional role for 
this process in heterochromatin establishment and/or 
maintenance has not been addressed, and it is not known 
whether the spatial organization of the genome can 
regulate reprogramming. Here, we addressed the tempo- 
ral dynamics of the acquisition of heterochromatic sig- 
natures of the pericentric chromatin in relation to their 
position in the nuclear three-dimensional (3D) space. We 
found that the pericentric repeats reach their localization 
around the nucleoli precursors in the zygote prior to the 
acquisition of their embryonic heterochromatic signa- 
tures (H3K27mel, H3K27me3, and HPip), suggesting 
that their spatial configuration is essential for heterochro- 
matic silencing. We tested this hypothesis by artificially 
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tethering pericentromeric chromatin to the nuclear pe- 
riphery using a designed zinc finger (ZF) fused to emerin, 
an integral component of the nuclear envelope. Our results 
show that the spatial localization of the pericentromeric 
heterochromatin is essential for its silencing and the 
reprogramming of embryonic chromatin after fertilization. 



Results and Discussion 

We first addressed the temporal dynamics of the nuclear 
positioning of pericentromeric chromatin in relation to 
the acquisition of he tero chromatic signatures 
on the MajSats after fertilization. DNA-FISH A 
was incompatible with the analysis of histone 
modifications and HPip, since we noted that 
the immunostaining profile of several histone 
modifications and HP1(B was perturbed after 
DNA-FISH as compared with immunostaining 
alone, presumably due to the denaturing con- 
ditions required for FISH with probes other 
than oligonucleotides (data not shown). Thus, 
to locate the pericentromeric chromatin in the 
embryo, we employed a GFP-tagged polydactyl 
ZF that recognizes specifically the MajSat se- 
quences (see also below) (Lindhout et al. 2007). 
Importantly, the ZF-GFP showed the same 
pattern of localization of pericentromeric re- 
peats as that obtained upon DNA-FISH with 
a MajSat probe, with a progressive deconden- 
sation from the center of the male pronucleus 
toward an organization into rings surrounding 
the NLBs, in agreement with previous reports 
(Fig. 1A,B; Martin et al. 2006a; Probst et al. 
2007). The female pronucleus also showed the 
expected pattern of reorganization around the 
NLBs (Fig. 1A,B). A complete ring-like organi- 
zation was clearly visible in early two-cell 
stage embryos (Fig. 1A,B). 

While the female chromatin inherits H3K27 
methylation from oogenesis, H3K27me3 is un- 
detectable on the paternal pronucleus imme- 
diately after fertilization (Santos et al. 2005; 
Puschendorf et al. 2008; Santenard et al. 2010). 
Pericentromeric regions become localized in 
rings around the NLBs by the mid-zygotic stage, 
as judged from the ZF-GFP signal in pro- 
nuclear stage 2-3 (PN2-3) zygotes, without 
detectable levels of H3K27me3 (Fig. IC). Re- 
markably, pericentromeric chromatin acquires 
H3K27me3 after this stage, and H3K27me3 is 
clearly and sharply detected around the NLBs at 
late pronuclear stages, colocalizing with the ZF- 
GFP signal (Fig. IC). H3K27mel and HPip 
showed a more dispersed localization pattern 
in zygotes, but the enrichment of both of these 
heterochromatic marks with pericentromeric 
chromatin was only detected at the latest pro- 
nuclear stages, after they reach their ring-like 
destination around the NLBs (Fig. 1D,E). Thus, 
pericentromeric chromatin becomes localized 
in sharp rings around NLBs prior to the acqui- 
sition of a detectable heterochromatic signature, 
suggesting that this specific nuclear localization 
might be a prerequisite for silencing. 



To address whether nuclear positioning of pericen- 
tromeric chromatin is required for heterochromatin 
establishment and subsequent silencing, we aimed to 
manipulate the localization of the MajSat in the nucleus. 
For this, we designed an approach that would lead to 
tethering of the pericentromeric chromatin to the nuclear 
periphery by fusing the above-described ZF to emerin, 
a constituent of the nuclear membrane (for review, see 
Bengtsson and Wilson 2004). The targeting fusion protein 
ZF-Eme is expected to associate with the MajSats via the 
ZF interaction and with the nuclear lamina via the emerin. 
We chose the nuclear periphery owing to its known 
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Figure 1. Pericentromeric chromatin localizes around the nucleoli prior to the 
acquisition of heterochromatic signatures. {A) DNA-FISH for major and minor 
satellite repeats. Representative zygotes immediately after fertilization (early, 
PNO-1) and at subsequent stages (mid and late) and early two-cell stage embryos 
are shown. Full projections of confocal sections of the male and female pronuclei are 
shown. (Left) A schematic representation of a mouse chromosome with centromeric 
regions and the probes color code. (PNO) pronuclear stage 0; (PNl) pronuclear stage 1, 
etc. Bar, 2 jxm. (B) Temporal dynamics of the localization of pericentromeric 
chromatin using ZF design. mRNA coding a ZF targeting MajSats fused to GFP (ZF- 
GFP) was microinjected at fertilization, and embryos were analyzed at the indicated 
times. Shown are maximal projections of confocal Z-series as in A. Note that the ZF- 
GFP pattern recapitulates faithfully the pattern obtained by DNA-FISH (yellow label 
in A). Bar, 2 jxm. (C) Localization of MajSats around the NLBs precedes acquisition of 
heterochromatic H3K27 methylation signatures on the paternal chromatin. Immu- 
nostaining of ZF-GFP-expressing embryos with an H3K27me3 antibody in early (PNO- 
1), mid (PN2-3), and late (PN4-5) zygotes. Shown are representative single confocal 
sections of the male pronucleus with the H3K27me3, the GFP, and the DAPI channel 
in grayscale and the corresponding merge images. Arrows point to places of 
accumulation of MajSat repeats at the NLBs and the initial absence of H3K27me3 
followed by strong accumulation of H3K27me3 in late zygotes. (D) Immunostaining 
analysis as in C but with an H3K27mel antibody. Note that the sharp signal of 
H3K27mel colocalizing with the ZF-GFP occurs only after ZF-GFP signal concen- 
trates around the NLBs (arrows) in late (PN5) zygotes. (£) Accumulation of HPIp on 
the pericentromeric chromatin occurs after their relocation around the NLBs at later 
zygotic stages. Analysis as in C and D with an HP1(3 antibody. 
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potential role in gene regulation and because it is the 
only other nuclear space that has been clearly identified 
in the embryo. Because chromatin immunoprecipitation 
(Chip) analysis cannot be performed in the embryo, we 
used transiently transfected NIH3T3 as an additional 
control to verify binding of the ZF to the MajSats. The 
ZF-GFP fusion bound specifically to MajSat repetitive 
sequences — but not to SINE Bl or lAP elements — as 
demonstrated by ChIP analysis (Supplemental Fig. lA). 
We then validated the ZF-Eme construct along with two 
negative controls — the ZF-GFP construct and a construct 
expressing emerin alone (HA-Eme) — in NIH3T3 cells. 
We confirmed by immunostaining that all three con- 
structs were expressed in NIH3T3 cells. The ZF-GFP and 
HA-Eme controls localized to DAPI-rich regions and 
the nuclear periphery, respectively, as expected (Supple- 
mental Fig. IB). In contrast to the ZF-GFP construct, the 
ZF-Eme construct localized to the nuclear periphery (Sup- 
plemental Fig. IB). Importantly, the ZF-Eme retained the 
specific ability to bind to MajSat sequences, in contrast 
to the emerin alone, which did not bind to the MajSat or 
any of the other repetitive sequences analyzed by ChIP 
(Supplemental Fig. IC). 

To address whether fusing the ZF to emerin results in 
efficient tethering of pericentromeric chromatin to the 
nuclear periphery, we performed 3D DNA-FISH with 
a MajSat probe in embryos expressing ZF-Eme. We 
microinjected mRNA for ZF-GFP or ZF-Eme immedi- 
ately after fertilization and analyzed embryos at the two- 
cell stage. While the ZF-GFP protein localized as 
expected around the NLBs and in the one to two chro- 
mocenters that are not associated to the NLBs (Probst 
et al. 2007), the ZF-Eme construct localized to the nuclear 
periphery in both nuclei of two-cell stage embryos (Fig. 
2A). The localization pattern of the pericentromeric 
chromatin was severely affected in most ZF-Eme embryos 
and showed a spotty pattern with patches throughout the 
nuclear membrane rather than the ring and chromocen- 
ter configuration typically observed in two-cell stage 
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Figure 2. Expression of ZF-Eme results in efficient tethering of pericentromeric 
chromatin to the nuclear periphery in the early embryo. (A) Immunostaining of two- 
cell stage embryos microinjected with mRNA for ZF-GFP and ZF-Eme using GFP 
acquisition or an HA antibody as indicated. Dotted lines delineate the cell membrane. 
Representative single confocal sections are shown. Bar, 2 jxm. (B) Expression of ZF-Eme 
in embryos results in displacement of pericentromeric chromatin at the nuclear 
periphery. Embryos microinjected with the indicated mRNA were processed for 3D 
DNA-FISH with a MajSat probe (green); DNA was stained with DAPI (blue). Full Z-series 
projections are shown; serial confocal sections are shown in Supplemental Movies 1-3. 
Bar, 2 jxm. (C) Representative single confocal sections of immuno-DNA-FISH with a 
Lamin B antibody and a MajSat probe of two-cell stage embryos expressing the indicated 
proteins. The RGB profiles of the corresponding single confocal sections are shown at 
the right. Bar, 2 jjim. 



control embryos (Fig. 2B; Supplemental Movies 1-3). 
Analysis of combined DNA-FISH for MajSat and immu- 
nostaining for endogenous Lamin B through single Z 
confocal sections revealed that pericentromeric chroma- 
tin is largely colocalized with Lamin B in ZF-Eme 
embryos (Fig. 2C), consistent with the localization of 
the ZF-Eme construct on the nuclear periphery at this 
time point (Fig. 2A). While in control embryos, MajSats 
can be found both around the NLBs and close to the 
Lamin B domain (Fig. 2C), in ZF-Eme embryos, the pro- 
portion of MajSat signal not associated with the nuclear 
periphery is minimal (Fig. 2C). Importantly, the tethering 
of MajSats to the nuclear periphery was time-sensitive, 
since expression of the same ZF-Eme construct at the late 
two-cell stage did not lead to a significant displacement of 
the MajSats toward the nuclear periphery at the four-cell 
stage compared with controls (data not shown). Thus, our 
ZF-Eme approach in zygotes leads to the efficient tether- 
ing of the pericentromeric chromatin to the nuclear 
periphery. 

We next asked whether altering the localization of 
pericentromeric chromatin results in defective hetero- 
chromatic silencing. In the zygote, transcription from the 
MajSats occurs primarily from the male pronucleus, and 
these transcripts are believed to be necessary for the 
subsequent silencing and organization into a somatic-like 
chromocenter configuration, which occurs progressively 
from the late two-cell stage (Puschendorf et al. 2008; 
Probst et al. 2010; Santenard et al. 2010). We therefore 
analyzed embryos by RNA-FISH with a MajSat probe to 
detect nascent transcription of pericentromeric chroma- 
tin in two-cell stage embryos. Noninjected and ZF-GFP 
control embryos display a few transcription foci, as ex- 
pected (Fig. 3A). In contrast, the ZF-Eme embryos displayed 
a significantly increased RNA-FISH signal, suggesting 
that the pericentromeric chromatin is transcribed more 
actively in ZF-Eme embryos as compared with controls 
(Fig. 3A). Quantification of both the number of MajSat 
transcription sites (Fig. 3B) and the volume of their trans- 
cripts (Fig. 3C) revealed that ZF-Eme embryos 
have a significantly higher transcriptional 
output of pericentromeric repeats, suggest- 
ing that repositioning of pericentromeric 
chromatin to the nuclear periphery leads 
to defective heterochromatin silencing. More- 
over, displacing pericentromeric chromatin 
to the nuclear periphery also resulted in 
impaired chromocenter formation (Supple- 
mental Fig. 2). 

Next, we asked whether recruitment of 
pericentromeric chromatin to the nuclear 
periphery affects developmental progres- 
sion. For this, we injected zygotes as before 
with ZF-GFP or HA-Eme mRNA as controls 
and ZF-Eme mRNA. For the two latter con- 
structs, mRNA for GFP was coinjected as a 
positive control for microinjection. Em- 
bryos expressing HA-Eme and ZF-GFP de- 
veloped at a similar rate and ratios compared 
with the noninjected control embryos, with 
between 83% and 88% embryos forming 
blastocysts, which are the routine values ob- 
tained in this type of manipulation (Fig. 3D; 
Supplemental Fig. 3A). In contrast, expres- 
sion of ZF-Eme resulted in a significantly 
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Figure 3. Tethering pericentromeric chromatin to the nuclear 
periphery impairs silencing and developmental progression. (A) 
RNA-FISH to reveal nascent MajSat transcripts (yellow) in embryos 
expressing the indicated mRNAs. Representative nuclei at the two- 
cell stage are shown. The dotted line demarcates the nuclear 
membrane. Bar, 5 jxm. {B) Quantification of the number of MajSat 
transcription sites as determined by RNA-FISH. Noninjected (ni) 
embryos or embryos expressing ZF-GFP or ZF-Eme were analyzed at 
the two-cell stage. Embryos were grouped according to the number 
of transcription sites per nucleus as indicated at the right (zero sites, 
between one and five sites, between six and 10 sites, etc.). The 
percentage of embryos belonging to each category was plotted for 
each expression construct. (C) Box plot of the quantification of the 
total volume of MajSats transcribed in noninjected (ni) embryos or 
embryos expressing ZF-GFP or ZF-Eme. (D) Analysis of develop- 
mental progression of noninjected embryos or embryos expressing 
HA-Eme, ZF-GFP, or ZF-Eme. Zygotes were microinjected with the 
indicated mRNAs. The number of embryos reaching the blastocyst 
stage for each group was scored after 3 d of development, n indicates 
the total number of embryos analyzed per group. 



reduced rate of developmental progression, with only 
51% of the embryos reaching the blastocyst stage (P = 
0.000001, Kruskal-Wallis test) (Fig. 3D). The remaining 
49% stopped development between the two- and eight- 
cell stages, similarly to embryos with defective hetero- 
chromatin silencing (Probst et al. 2010; Santenard et al. 
2010). Importantly, the 51 % of the embryos that did reach 
the blastocyst stage displayed delayed development. 
We also addressed whether embryos expressing ZF-Eme 
display division errors such as lagging chromatin. In line 



with our earlier findings of defective he tero chromatin 
formation (Santenard et al. 2010), we observed a high 
incidence of lagging chromatin in ZF-Eme-expressing 
embryos (21% compared with 6%, 3%, and 7% for 
noninjected, ZF-GFP, and HA-Eme, respectively) (Supple- 
mental Fig. 3B). Thus, targeting of endogenous pericen- 
tromeric chromatin to the nuclear periphery after fertil- 
ization impairs developmental progression. Whether this 
developmental phenotype is solely due to a silencing 
defect of pericentromeric chromatin and/or subsequent 
defects on kinetochore loading and progression to mitosis 
remains to be determined. 

To address whether tethering the pericentromeric 
chromatin to the nuclear periphery alters gene expres- 
sion, we analyzed individual embryos expressing ZF-Eme 
using a microfluidics Biomark approach, which is a robust 
and quantitative approach amenable to gene expression 
analysis from low cell number (Supplemental Fig. 4; Guo 
et al. 2010). We focused specifically on genes that (1) play 
a role in early development, (2) are activated zygotically 
between the two-cell and four-cell stages, or (3) are in 
close proximity to the centromere. The genes analyzed 
include housekeeping genes, cell cycle-related genes, 
transcription factors, chromatin modifiers, signaling pro- 
teins, developmentally important genes, and genes lo- 
cated at the proximity of the centromere on four different 
chromosomes (9, 18, 19, and X) (Supplemental Table 1). 
For the latter group of genes, we performed an in silico 
search or analyzed genes previously known to be centro- 
mere-proximal by cytogenetics: Suv39hl, Suv420hl, 
Yapl, Gata6, and Rockl.WQ analyzed levels of expression 
of all 41 genes simultaneously in 10 biological replicates 
and three technical replicates. We found no significant 
changes in gene expression among the noninjected em- 
bryos, embryos expressing ZF-GFP, and embryos express- 
ing ZF-Eme (Supplemental Figs. 4, 5). 

Finally, we asked whether tethering the MajSats to the 
nuclear periphery leads to a defective accumulation of 
heterochromatic marks, which could potentially explain 
their increased transcriptional activity. For this, we an- 
alyzed H3K27me3 and Ringlb in embryos expressing 
ZF-Eme (Puschendorf et al. 2008; Santenard et al. 2010). 
Immuno staining revealed that most ZF-Eme embryos 
display abnormal localization of Ringlb compared with 
controls (Fig. 4A; Supplemental Fig. 6). We determined 
the colocalization of MajSats with H3K27me3 and Ringlb 
in 3D using DNA-FISH and immunostaining followed by 
3D reconstruction (Fig. 4A,B). Quantification of the colo- 
calized volume of H3K27me3/Ring lb within the MajSats 
revealed a decreased accumulation of the two heterochro- 
matic marks on MajSats in ZF-Eme embryos compared 
with the controls (Fig. 4C). These data suggest that tether- 
ing the MajSats to the nuclear periphery after fertilization 
impairs the efficient recruitment of these silencing marks 
to pericentromeric chromatin. 

The defect in heterochromatin formation that we re- 
port suggests that embryonic nuclear organization is a 
key factor of epigenetic reprogramming and that the 
distinctive organization of embryonic nuclei has a regula- 
tory role. The observations that efficiency of cloning 
upon nuclear transfer is associated with the acquisition 
of an NLB-like organization (Martin et al. 2006b) further 
highlight the uniqueness of such reorganization and point 
toward a necessary step of reprogramming heterochro- 
matin to restore totipotency. 
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Figure 4. Tethering of pericentromeric chromatin to the nuclear 
periphery results in decreased accumulation of H3K27me3 and 
Ringib. [A,B] Representative confocal images of immuno-DNA- 
FISH of early two-cell noninjected, ZF-GFP, and ZF-Eme embryos 
stained for H3K27me3 (A) and Ringib (B). DNA-FISH signal for 
MajSats is in yellow, and dotted lines delineate the nuclear mem- 
brane. Shown is a single confocal section from Z-series acquisitions 
of representative nuclei [n = 16 embryos for noninjected; n = 19 
embryos for ZF-GFP; n = 10 embryos for ZF-Eme). Note that for 
these experiments, DNA-FISH was performed with oligonucleotide 
probes. (C) Quantification of the volume of MajSats co-occupied by 
H3K27me3 and Ringib (in percentage). Whisker plots show the 
median and the minimum-maximum ranges, (n.s.) Not significant; 
(**) P < 0.05 (ANOVA, Turkey's multiple comparison). 



in differentiated cells, the nuclear periphery is believed to 
be a repressive environment, perhaps through the main- 
tenance of a hypoacetylated chromatin. Our results in- 
dicate that the nuclear organization in the early embryo 
seems to be functionally different from that in differen- 
tiated cells. 

It remains to be established whether the global dynam- 
ics of other chromatin regions within the nuclear space 
and those of the embryonic chromatin in general further 
differ from that of somatic cells and whether specific 
histone modifications would play a role in such region- 
alization. Our data suggest that the temporal order of 
events that follow fertilization and the localization of 
heterochromatin in the 3D nuclear space are tightly 
regulated and function in parallel to ensure heterochro- 
matic silencing and subsequent development. This 
adds nuclear reorganization to the molecular cascade 
of events that dictate establishment of heterochroma- 
tin in mammals. 

Materials and methods 



Embryo collection 

For microinjection, zygotes were obtained from superovulated Fl females 
and microinjected at 17 h post-hCG with in vitro transcribed HA-Eme, 
ZF-GFP, or Eme-ZF mRNA. Embryos were cultured in KSOM and mon- 
itored regularly until fixing for immunostaining, RNA, or DNA-FISH. 



FISH 

DNA and RNA-FISH were performed with a MajSat probe covering a 
full repeat (234p) as described (Miyanari and Torres-Padilla 2012), with 
minor modifications. Embryos were analyzed in drops to preserve 3D 
information. 



Immunostaining 

Embryos were fixed —36-37 h post-hCG as described (Torres-Padilla et al. 
2006). Primary antibodies were anti-H3K27mel (Millipore), anti-H3K27me3 
(Millipore), anti-HPip (IGBMC), anti-LaminBl (Abeam), anti-HA (Roche), 
and anti-RINGlb (MBLl). 
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In contrast to the nuclear organization pattern typi- 
cally found in somatic cells, whereby the most gene-rich 
chromosomes locate in the center and gene-poor regions 
are located close to the nuclear periphery (Boyle et al. 
2001), studies in bovine embryos revealed that there is no 
correlation between gene density of chromosome territo- 
ries and radial positioning prior to the major wave of 
embryonic genome activation (Koehler et al. 2009). In 
human cells, relocalization of transgenes to the nuclear 
periphery alters gene expression (Finlan et al. 2008), but 
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